SUMMARY Although the resting hemodynamic effects of captopril in congestive heart failure are known, little information is available about the hemodynamic response to captopril during exercise or about changes in noninvasive measurements of the size and function of both ventricles. In this study, 14 stable New York Heart Association class III patients were given 25 mg of oral captopril. Rest and exercise hemodynamic measurements and blood pool scintigrams were performed simultaneously before and 90 minutes after captopril. The radionuclide studies were analyzed for left and right ventricular end-diastolic volumes, end-systolic volumes, ejection fractions and pulmonary blood volume.
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The primary beneficial responses at rest were decreases in left and right ventricular end-diastolic volumes from 388 ± 81 to 350 ± 77 ml (p < 0.01) and from 52 ± 26 to 43 ± 20 volume units (p <0.01), respectively, and in their corresponding filling pressures, from 24 ± 10 to 17 ± 9 mm Hg and 10 ± 5 to 6 ± 5 mm Hg (both p < 0.001). Although stroke volume did not increase significantly, both left and right ventricular ejection fractions increased slightly, from 19 ± 6% to 22 ± 5% and from 25 ± 9% to 29 ± 11%, respectively (both p < 0.01). During exercise, similar changes were noted in both hemodynamic and radionuclide indexes.
Thus, in patients with moderate symptomatic limitation from chronic heart failure, captopril predominantly reduces ventricular volume and filling pressure, with a less significant effect on cardiac output. These effects persist during exercise, when systemic vascular resistance is already very low. Radionuclide techniques are valuable in assessing the drug effect in these subjects, particularly when ventricular volumes are also measured.
CAPTOPRIL, a competitive antagonist of angiotensin-converting enzyme, produces hemodynamic improvement at rest in patients with chronic congestive heart failure. 17 Most studies indicate that captopril both decreases left ventricular filling pressure and increases cardiac output, and thus functions as both a preload and afterload reducer in heart failure patients. No information is available about the hemodynamic response to captopril during exercise, and only limited data are available about its effect on noninvasive measurements of rest and exercise left ventricular volume and function. The response of the right ventricle to captopril therapy has not been evaluated. The present study was designed to examine these aspects of the acute response to captopril therapy and to determine whether this response can be assessed noninvasively by radionuclide techniques.
Methods

Patient Population
Fourteen male patients, ages 48 to 72 years (mean 60 years), with New York Heart Association func- tional class III congestive heart failure, were studied. Heart failure resulted from coronary heart disease alone in nine patients, coronary disease with a history of hypertension in two, primary cardiomyopathy in two, and rheumatic heart disease after mitral valve replacement in one patient. Nine patients had findings of mitral regurgitation on physical examination, but these were felt to be secondary to left ventricular dysfunction in every case. Clinical heart failure had been present for 3 months to 8 years (mean 3.1 years). All patients were clinically stable, ambulatory and able to perform treadmill exercise, with their exercise tolerance ranging from 6.5-12 minutes on a Naughton protocol.8 Four had previously been treated with hydralazine, nitrates or prazosin. To ensure clinical stability, all vasodilators were discontinued at least 2 weeks before hospitalization and the patients were followed as outpatients on a stable regimen of digoxin and diuretics.
Study Protocol
All patients were hospitalized for 24-48 hours before catheterization to further ensure medication and dietary compliance. A practice exercise session was used to familiarize patients with the procedure and to determine their maximal work load. Each subject performed supine bicycle exercise to exhaustion using an inertial ergometer, beginning at a work load of 200 kpm/min and increasing by 100 kpm/min every 3 minutes. After recovery, right-heart catheterization was performed with a balloon-tipped thermodilution catheter, and a polyethylene cannula was inserted into a radial artery. Hemodynamics were monitored for 12 hours before the study. Our methods of scintigraphic analysis and left ventricular volume determination have been published.'0 Briefly, 11 64 X 64-pixel frames were obtained over the' first half of the cardiac cycle, thus providing the equivalent of 20-22 frames/cycle temporal resolution. Cycles with lengths 100 msec longer or shorter than the average of the 10 cycles immediately before acquisition were rejected. The number of acquired cycles and frame durati'on were noted. Four-milliliter blood samples were drawn midway through the rest scintigrams and immediately after the exercise scintigrams. These were subsequently counted for 2 minutes at a distance of 18 inches from the collimator, and the time difference between blood drawing and counting was noted to permit'back-calculation of blo'od activity at the time of scintigraphy, using the decay rate of technetium.
Analysis was performed by a single observer. Left ventricular, right ventricular and right'lung regions of interest were manually defined. A region posterolateral to the left ventricle was used to estimate both left and right ventricular background.' The background-corrected left and right ventricular activity at end-diastole and end-systole were then determined, permitting calculation of both ventricular ejection fractions. The uncorrected mean lung activity per 100-pixel region was also determined as an index of pulmon'ary blood volume. Each of these activities was normalized for the duration of the acquisition, taking into account the number of accepted cycles and the time per frame, and for blood activity by a previously published modification of the counts-based volume methods developed by Slutsky et al. and Dehmer et al. 12 , 13 The left ventricular end-diastolic and end-systolic activity-to-blood activity ratios were converted to end-diastolic and end-systolic volumes (in milliliters) using a regression equation from a scintigraphic-angiographic correlation study.'0 The standard error of the estimate in relation to angiography was 18 ml. Because a similar validation for right ventricular or pulmonary blood volumes has not been performed in our laboratory, these measurements are expressed as dimensionless units to permit comparison between the pre-and postcaptopril findings. Data Analysis
The significance of changes before and after captopril were determined by Student t tests for paired samples. Hemodynamic measurements were not available in one patient because of catheter malfunction, and exercise scintigraphy was unsatisfactory in two patients because of irregularity in heart rate.
Results
Hemodynamic Effect of Captopril at Rest
The hemodynamic effects of a single 25- The radionuclide measurements correspond to the hemodynamic findings in demonstrating that the predominant effect of captopril is a reduction in ventricular filling pressure and volume rather than an increase in stroke volume (fig. 4) . The radionuclide index of pulmonary blood volume also fell significantly, from'14.5 ± 3.4 to 12.2 + 3.0 U (p < 0.01).
Hemodynamic Effects of Captopril During Exercise
The hemodynamic responses to captopril at the same exercise work'load are shown in table 1 and figure 1. Again, arterial pressure and heart rate were significantly lower after captopril. The decrease in left ventricular filling pressure was smaller than that at rest, but remained highly significant. In contrast, the increase in stroke volume afterJ captopril, although still modest, was significant. Thus,. durig exercise, captopril produced more comparable improvement in both left ventricular filling pressure and stroke volume ( fig. 1 ). As noted previously, none of the patients increased their level of exercise acutely after captopril.
Effect of Captopril on Radionuclide Measurements During Exercise
The radionuclide findings during exercise (table 2, figs. 5 and 6) were similar to those at rest. Again, both ventricular ejection fractions rose, predominantly as a result of reduction in end-diastolic volumes without changes in! total stroke volume. End-systolic volumes also dropped significantly, but changes in pulmonary blood volume were not significant.
The changes in left ventricular filling pressure and volume were directionally similar ( fig. 4) . However, in this higher range, the reduction in pressure was less for a similar decrease in volume when compared to the findings at rest.
Discussion
Although the acute resting hemodynamic effects of captopril in patients with severe heart failure have been reported,'-7 the present study is the first to examine the response to captopril during exercise and the first to use radionuclide measurements of both left and right ventricular volumes and function.
Hemodynamic Findings
Our resting hemodynamic findings generally confirm those of previous investigations, although they differ in the magnitude of change'in cardiac output and stroke volume. Similar to previous studies, we noted a significant reduction in arterial pressure and a modest drop in heart rate. While these changes were generally well tolerated, they emphasize the need for starting captopril under close observation. Captopril therapy must be undertaken in the hospital in most patients with severe heart failure. The most dramatic beneficial effect of the drug was a marked decrease in elevated left ventricular filling pressures; in our patients, this averaged 30% (from 24 to; 17 mm Hg), in agreement with previous series in which the reduction ranged from 28% to 46%. Othe investigators have also noted increases in cardiac and stroke volume indexes, ranging from 19% to 38%.' These changes have consistently been less impressive than the reductio'n in left ventricular filling pressures, but they have always been statistically significant. In our patients, only an 8% increase in these measurements 90 minute's after captopril was noted, and the changes were not significant.
Several factors might explain our divergent results. Although the pretreatment hemodynamic characteristics of our subjects (mean cardiac index 2.1 iters/min, pulmonary capillary wedge pressure 24 mm Hg) Were similar to previous series, our patients were generally less ill. Each of our subjects could exercise for at least 6.5 minutes on a Naughton treadmill protociol and all were in New York Heart Association class III, unlike the subjects in prior reports. Our patients were also studied electively in that they had been followed as outpatients on a consistent medical regimen for xat least 2 weeks and hemodynamic measurements were delayed more than 12 hours after catheterization. These differences in patient population probably explain the lower, systemic vascular resistance, which averaged 1620 dyn-sec-cmi6 in our group, compared with 1800-2200 dyn-sec-cm-5 in previous studies. In fact, Ader et al. 3 reported that the hemodynamic response to captopril is inversely proportional to the pretreatment vascular resistance.3 Also, our protocol was designed to collect simultaneous invasive and noninvasive measurements at a single point in all patients, anticipating that the peak hemodynamic effect would occur at approximately 90 minutes after the dose. Had we reported the peak captopril effect, the changes would have been somewhat greater.
The hemodynamic values during exercise were similar to those at rest. The decrease in left ventricular filling pressure after captopril was less dramatic, while the increase in stroke volume was more consistent and was statistically significant. This beneficial hemodynamic response to captopril during exercise is important because systemic resistance drops during exercise as a result of peripheral vasodilation and the additive effect of a converting-enzyme inhibitor could not be taken for granted. Our inability to find any acute increase in exercise capacity is in keeping with previous studies that failed to show such a change after very short term therapy. 146l The reasons for this inconsistency between improvement in exercise hemodynamics and lack of acute change in exercise capacity have been discussed."'
Radionuclide Findings
The most interesting finding of the present study is the change in ventricular volumes. We measured consistent decreases in both left and right ventricular volumes, both at end-diastole and end-systole. No change in radionuclide stroke volume was noted; thus, the modest increase in ejection fraction from 19% to 22% was entirely the result of a decrease in ventricular size. In two studies, radionuclide ejection fraction was measured and showed contrasting results: One showed an increase and the other did not.4 6 Again, captopril produced beneficial effects during exercise when the pretreatment systemic vascular resistance was already quite low and also at rest when systemic resistance was much higher.
The agreement between the radionuclide and the hemodynamic findings is striking. By both techniques, the predominant effect of captopril was a decrease in left ventricular preload. Acute increases in cardiac output or stroke volume, and hence, ejection fraction in moderately ill patients, are modest and may be difficult to detect. Nonetheless, because of the agreement with simultaneous invasive measurements, our findings certainly raise the possibility of monitoring the effects of captopril noninvasively in laboratories that determine ventricular volume as well as ejection Vasodilators are often classified as preload or afterload reducers by whether their predominant effect is on the venous or arteriolar beds and by whether they ' 23 However, converting enzyme is also active in the metabolism of bradykinins, and a buildup of these potent venodilators could play an important role in the acute response to captopril.24 23 Angiotensin II is also a potent stimulant to catecholamine release. 26 27 The drop in ventricular filling pressures and the surprising decrease in heart rate could reflect catecholamine withdrawal.26 A reflex decrease in sympathetic tone from improved peripheral perfusion due to an increased cardiac output has been suggested,28 but our findings do not support this hypothesis.
Our results indicate that the major beneficial effect of captopril is a reduction in ventricular volume and in filling pressures; they also corroborate that this agent functions as an afterload reducer. Systemic vascular resistance falls modestly, both at rest and during exercise. More important, the decrease in both left ventricular volumes and arterial pressure could be expected to decrease systolic wall tension. The actual degree to which the preload-and afterload-reducing effects of captopril become manifest is probably determined by the pretreatment hemodynamic status of the patient and by the level of activity of the renin-angiotensinaldosterone system.29 Hemodynamic and radionuclide effects of acute captopril therapy for heart failure:
